A fundamental challenge for terrestrial plants is to balance the benefit of carbon uptake versus the risk of desiccation resulting from concurrent transpirational water loss. To achieve this, water transport processes in leaves are integrated such that leaf hydraulic properties determine the supply of water to the mesophyll and transpirational losses are regulated by stomatal conductance (g s ; Sack and Scoffoni, 2013) . Water enters the leaf as a liquid and is distributed along the plane of the leaf through the xylem in veins. After water exits the vein, it moves through the mesophyll toward the epidermis, where it reaches the stomatal pore as water vapor. Little is known about how exactly water moves from the veins to the stomatal pores and where the liquidto-gas phase transition occurs (Sack and Holbrook, 2006; Sack and Scoffoni, 2013 ), yet the length of the postvenous path (l H2O ) shows a strong negative relationship with leaf hydraulic conductance (k leaf ; Brodribb et al., 2007; Buckley et al., 2015) . As a result, several leaf morphological traits, such as leaf vein density, the depth of the veins inside the leaf, and leaf thickness (T L ), influence leaf water transport (Noblin et al., 2008; Buckley et al., 2015) . The close relationship between leaf water status and g s implies that the hydraulic architecture of the leaf poses an important constraint on carbon uptake, specifically in environments with a high evaporative demand.
Considering the dimensions of postvenous water transport led Zwieniecki and Boyce (2014) to hypothesize that a functionally optimal vein placement would be achieved if the average distance between neighboring veins (d x ) is equal to the average distance from veins to the epidermis (d y ), expressed by the ratio d x :d y % 1. This hypothesis is based on modeling and experiments with artificial leaves (Noblin et al., 2008) , which suggest that potential maximum transpiration rates increase by increasing vein density when vein densities are relatively low (with d x :d y ) 1), whereas potential maximum transpiration rates become independent of vein density when vein densities are very high (with d x :d y ( 1). Zwieniecki and Boyce (2014) observed that derived angiosperms achieve an optimal vein architecture (with d x :d y % 1) by combining high vein densities with relatively thin leaves. This specific leaf morphology is unique to angiosperms (Feild et al., 2011; de Boer et al., 2012) and allows high rates of transpiration and photosynthesis, owing to the short distances for postvenous water transport and subsequent high k leaf (Brodribb et al., 2007) . Some gymnosperms also achieve optimal vein placement with a contrasting morphology that combines thick leaves with low vein densities, resulting in relatively long postvenous water transport distances and subsequently low k leaf . Deviations from this proposed hydraulically optimal anatomy are observed for fern and basal angiosperm species that, owing to physiological or developmental constraints, underinvest in veins by combining relatively thin leaves with relatively low vein densities, resulting in d x :d y . 1 (Zwieniecki and Boyce, 2014) . This leaf morphology is especially vulnerable to desiccation and, therefore, limited to environments with low light and/or high atmospheric humidity (Feild et al., 2004) . Zwieniecki and Boyce (2014) observed few species that overinvest in veins (with d x :d y , 1) and argue that this leaf hydraulic architecture yields no functional benefit over an optimal vein architecture (d x :d y % 1), because, like the theoretical extreme (d x :d y ( 1) exemplified by Noblin et al. (2008) , the additional veins may not contribute to additional leaf gas-exchange capacity.
We argue that the proposed optimal leaf hydraulic architecture (d x :d y % 1) may not be the phenotypic end point of evolution in environments that specifically select for traits associated with thick leaves. Thick leaves are most common in warm, arid, and high-light environments because of advantages related to a longer leaf life span (Mott et al., 1982; Niinemets, 2001 ) and a larger hydraulic and thermal capacitance (Schymanski et al., 2013) . Warm and dry climates also select for high vein densities (Sack and Scoffoni, 2013) , because this morphology provides greater resistance to loss of k leaf during water stress and may facilitate high photosynthesis rates during (short) wet periods (Grubb, 1998; Scoffoni et al., 2011) . The morphological combination of thick leaves (with subsequent long d y ) with high vein densities (with subsequent short d x ) implies that an apparent overinvestment in leaf venation (resulting in d x :d y , 1) may provide functional benefits under dry and warm climates.
To understand how the selection pressure of aridity shapes leaf form and function, it is important to consider not only the hydraulic aspects of leaf morphological adaptations but also the optimization of photosynthetic biochemistry in relation to the prevailing climate. The fast-slow continuum of the leaf economics spectrum has successfully predicted correlations between photosynthetic capacity, g s , and leaf nitrogen on the one hand and leaf life span and leaf mass per unit area (LMA) on the other hand (Wright et al., 2004) . Although these relationships emerge independent of climate, leaves of drought-adapted plants tend to have a higher LMA and longer life span (Wright et al., 2005) . Given the requirement for plants to trade off carbon uptake and water loss, photosynthetic traits also should be coordinated with k leaf . Some empirical evidence for this effect has been presented (Franks, 2006; Sack and Frole, 2006; Brodribb et al., 2007; Brodribb and Jordan, 2008) , but a theoretical proposition linking leaf economic traits to these processes (as proposed by Blonder et al. [2011] ) has yet to be widely accepted (Sack et al., 2014) or supported experimentally. In contrast to the assertion of coordination, the recent work of Li et al. (2015) indicates a decoupling of leaf economic and leaf hydraulic traits within tropicalsubtropical forests. The premise of Li et al. (2015) is that spatial compartmentalization of traits in functionally independent leaf internal structures may enable more nuanced adaptation in habitats that offer a diversity of conditions. Despite potential compartmentalization, leaf hydraulic traits are inherently coupled to leaf economic and photosynthetic traits via constraints imposed by selection for the most productive combinations of leaf life span and leaf morphology . In this way, groups of functionally independent traits are expected to change concurrently to optimize the overall performance of leaves in relation to the environmental pressure of aridity.
We aim to test the hypothesis that coordination between leaf hydraulic and photosynthetic traits is achieved across mesic and arid environments by expressing leaf morphologies that deviate from the theoretical optimal vein architecture with d x :d y % 1, as proposed by Noblin et al. (2008) and Zwieniecki and Boyce (2014) , resulting in d x :d y , 1. Here, we assembled a collection of leaf hydraulic and photosynthetic traits from the closely related genera Eucalyptus and Corymbia (collectively referred to as eucalypts from here on) that are widely distributed across the mesic-arid spectrum of Australian environments. Fossil evidence suggests that the Eucalyptus and Corymbia clades evolved from a rainforest precursor during the Paleocene to Early Eocene (Gandolfo et al., 2011) . The subsequent diversification and radiation of these genera across continental Australia through the Cenozoic took place against a backdrop of increasing aridity (Ladiges et al., 2003; Martin, 2006) . This adaptive radiation required innovations in leaf traits that are manifest in extant species. Work to classify parts of this group using morphological or molecular approaches generally has observed more derived species in arid habitats (Steane et al., 2002 (Steane et al., , 2011 Hopper, 2003; Ladiges et al., 2003) . Within species, phylogeographical patterns often indicate a complex population structure, indicative of multiple localized refugia associated with historical shifts in aridity (Byrne et al., 2008) .
In this study, we draw upon a natural aridity gradient to test whether the leaf hydraulic and photosynthetic traits of eucalypt leaves are coordinated across environments classified by the supply and demand for water. Our analyses expand on the work of Schulze et al. (2006) , who sampled eucalypt leaves across a transect that spanned an aridity gradient from the wet coastal region of southwestern Australia to the arid Australian interior near Kata Tjuta. From this collection, we selected three to five leaves per tree from 440 trees, representing 68 species occurring at 73 locations, for analyses of leaf morphological and hydraulic traits along the aridity gradient ( Fig. 1 ; Supplemental Table S1 ). From this subsample, we selected three leaves from 107 trees (27 species, 30 locations) for measurements of stomatal traits. In our analyses, we specifically focused on the adaptation of the leaf morphological and hydraulic traits that influence the ratio d x :d y (Fig. 1) . Based on these data sets, we determined the adaptive innovations in leaf morphology and leaf hydraulics that provide specific competitive advantage to eucalypts in arid environments.
RESULTS
Our results show clear differences in eucalypt leaf morphology along an aridity gradient in southwestern Australia. Regression with aridity index (AI) reveals that leaf vein density, expressed as vein length per unit area (VLA), and T L increase from the mesic to the arid sites (r 2 = 0.44, P , 0.001 and r 2 = 0.11, P , 0.001, respectively; Fig. 2 ). The slopes and intercepts of the models relating VLA to AI (Fig. 2) were not different between hypostomatous and amphistomatous species (P . 0.05); hence, a combined model is presented. The increase in T L with aridity was only significant for amphistomatous leaves and for the combination of amphistomatous and hypostomatous species, and the slopes and intercepts of these models were not significantly different (P . 0.05). Although a complete phylogeny for the Eucalyptus and Corymbia genera is not available, we corrected for the potential effect of sampling bias due to relatedness between species in our sample by resampling several key traits at the taxonomic level of series (a subdivision of genus) using the classification of Nicolle (2015; Supplemental Fig. S5 ). Our subsequent analysis shows that the relationships between VLA and AI (bootstrapped r 2 = 0.76, P , 0.001) and between d x :d y and AI (bootstrapped r 2 = 0.67, P , 0.001) are robust to potential sampling bias. The relationship between leaf thickness and AI (bootstrapped r 2 = 0.2, P = 0.16) is not robust to potential sampling bias, which reflects the weak association between leaf thickness and AI in the raw data, as shown in Figure 2 (r 2 = 0.11, P , 0.001). As the leaf veins of the eucalypts studied here are positioned such that there is an equal distance to the Figure 1 . A, Sample localities for Eucalyptus and Corymbia (referred to as eucalypts) spp. leaves used for measurements of leaf morphological, leaf hydraulic, and stomatal morphological traits. Sampling sites are plotted with the gridded mean annual AI, obtained from the Atlas of Living Australia. B, Schematic cross sections of eucalypt leaf morphologies. The hypostomatous leaf type is most common in mesic environments and characterized by the presence of stomata only on the abaxial surface and palisade mesophyll toward the adaxial surface. The amphistomatous leaf type is most common in arid environments and characterized by the presence of stomata on both abaxial and adaxial surfaces and palisade mesophyll toward both abaxial and adaxial surfaces. The differences in terms of d x and d y between the hypostomatous and amphistomatous leaf morphologies are indicated. The blue and yellow lines depict the pathway for water and CO 2 transport, respectively, as a liquid (solid lines) and a gas (dashed lines).
upper and lower epidermis (Supplemental Fig. S1 ; Supplemental Table S2 ), increases in T L are proportional to increases in d y . Furthermore, increases in VLA are closely linked to decreases in d x (r 2 = 1, P , 0.001; Supplemental Fig. S2 ). Hence, the observed d x :d y ratios decrease along the aridity gradient as a result of the combined increases in VLA and T L from mesic to arid sites (r 2 = 0.41, P , 0.001; Fig. 2 ). This pattern was evident regardless of stomatal distribution, and the slopes and intercepts of the models describing these relationships did not differ significantly between hypostomatous and amphistomatous species (P . 0.05). In our sample of eucalypts, the d x :d y ratios range between 0.15 and 1.6 and, thereby, extend notably below the proposed theoretical optimum ratio d x :d y % 1. Our results also reveal a shift from a hypostomatous to amphistomatous leaf morphology toward the more arid sites. Consequently, the amphistomatous species in our data set have leaves with a higher VLA than the hypostomatous species (16 6 3.7 and 9 6 2.1 mm mm 22 , respectively; P , 0.001) and a larger T L (517 6 97 and 350 6 75 mm, respectively; P , 0.001). These morphological contrasts manifest as a lower d x :d y in amphistomatous species compared with hypostomatous species (0.3 6 0.1 and 0.82 6 0.24, respectively; P , 0.001; Supplemental Fig. S3 ). Our species level comparison of d x :d y also reveals that both the hypostomatous and amphistomatous eucalypts differ from the derived angiosperms of Zwieniecki and Boyce (2014; Supplemental Fig. S3) . Only the amphistomatous eucalypts differ significantly from the proposed 1:1 ratio as hypothesized by Noblin et al. (2008) . We note that our measurements of these leaf morphological and hydraulic traits were performed on rehydrated leaves that had been stored after drying. Our analyses to quantify the potential error arising from this approach indicate that leaf area and T L , affecting d x and d y , respectively, may have been underestimated by 2.2% 6 2.7% and 8.9% 6 4.2%, respectively (Supplemental Fig.  S4 ). As the reduction in T L is larger than the reduction in leaf area, we argue that the reported values of d x :d y may be overestimated by approximately 5% to 10%.
A principal component analysis (PCA) of the leaf morphological data set indicates the coupling of hydraulic and photosynthetic traits (Fig. 3) . The PC1 axis accounts for 59% of the variation, and this is dominated by loadings on d x :d y , LMA, L T , and k leaf . For PC2, which accounts for 17% of the variation, strong loadings are evident on the V cmax , VLA, and k leaf . The PCA scores show clear separation in relation to aridity and stomatal distribution, which highlights the dominant effect of aridity on leaf morphology within the eucalypts studied here. A PCA of the stomatal morphological data set also displays the coupling of hydraulic and photosynthetic traits (Fig. 3) . The PC1 axis accounts for 64% of the variation and is dominated by loadings on d x :d y , stomatal pore length (L p ), guard cell length (L gc ), and VLA. The PC2 axis accounts for 17% of the variation and is dominated by loadings on the anatomical maximum stomatal conductance to water vapor (g smax ) and stomatal density (D S ). As with the leaf morphological data set, separation in relation to aridity and stomatal distribution is evident.
Linear regression statistics further support the PCAderived coupling of hydraulic and photosynthetic traits in both the leaf morphological and stomatal data sets (Tables I and II, respectively) . In relation to our hypothesis, the leaf morphological data set reveals a close association between the ratio d x :d y and a variety of leaf traits that span the hydraulic and photosynthetic categories. Crucially, d x :d y is negatively correlated with LMA (r 2 = 0.57, P , 0.001) and leaf nitrogen per unit area (N area ; r 2 = 0.42, P , 0.001), whereas both LMA and N area are negatively correlated with the leaf carbon isotope ratio (D leaf ; r 2 = 0.34, P , 0.001 and r 2 = 0.35, P , 0.001, respectively; Table I ). The stomatal data set reveals a close association between leaf hydraulic traits and stomatal morphology. Here, d x :d y is positively correlated with both guard cell length and stomatal pore length (r 2 = 0.44, P , 0.001 and r 2 = 0.52, P , 0.001, respectively; Table II ).
The leaf morphologies of the eucalypts studied here deviate from the analysis of Zwieniecki and Boyce (2014) , which shows that derived angiosperms closely coordinate d x with d y via changes in VLA and the lateral position of veins inside the leaf to achieve d x :d y ratios near unity (Fig. 4 ). Unlike the relationship reported by Zwieniecki and Boyce (2014) , our linear regression model describing variation in d x based solely on d y gives only a weak fit (correlation r 2 = 0.16, P , 0.001 in Fig. 4 and adjusted r 2 = 0.15, P , 0.001 in Supplemental Table  S3 for the regression model). The inclusion of AI in a multiple regression model substantially improves the model fit (adjusted r 2 = 0.51, P , 0.001; Supplemental Table S3 ). In spite of this result, the close relationship between aridity and the shift from hypostomaty to amphistomaty (Supplemental Fig. S3 ) restricts our ability to statistically resolve the underlying cause for a negative relationship between d x and d y in our eucalypt sample. Still, our observation that the relationship between d x :d y and AI is comparable across hypostomatous and amphistomatous eucalypt species-site combinations ( Fig. 2) suggests that aridity shapes the negative relationship between d x and d y and that amphistomaty is a separate adaptation that also is associated with aridity.
The low values of d x :d y observed in our selection of eucalypts are a result of the combined increases in T L and VLA along the aridity gradient. We hypothesized that these adaptations reflect the selection pressure of aridity on leaf morphology, whereby increases in leaf thickness and LMA result from selection for a longer leaf life span, while the increases in VLA occur from selection for enhanced water supply and the need to compensate for the potential loss in photosynthesis owing to the increase in leaf thickness. This hypothesis is supported by our within-site comparisons of specieslevel differences in
A, and VLA relative to Tables I and II . Additional traits not mentioned in these tables are the maximum carboxylation rate (V cmax ) and the k leaf . The diameter of the symbols is proportional to the AI of the sampling locations, and the color indicates the stomatal distribution (hypostomatous versus amphistomatous).
differences in LMA (Fig. 4) . The comparisons show that, within sites, species with a higher LMA have, on average, thicker leaves (P , 0.001, n = 128) with lower d x : d y (P , 0.01, n = 128) than species with lower LMA. Cooccurring species with higher LMA also have lower A than species with lower LMA (P , 0.001, n = 178). In contrast to the correlation between LMA and VLA that we observed across sites (r 2 = 0.22, P , 0.001; Table I ), we found no within-site difference in VLA between species with different LMA (P . 0.05, n = 178; Fig. 4 ). This result suggests that the key hydraulic trait VLA may be decoupled from LMA within sites, despite their correlated adaptation to the common selection pressure of aridity across the sampled sites.
The observation that our sample of eucalypts includes many species with d x :d y ratios below unity raises the question of the extent to which this leaf morphology conveys an advantage in terms of additional gas exchange in comparison with a leaf morphology with d x : d y % 1. As the observed adaptations in d x :d y are closely linked to the photosynthetic and stomatal traits considered here (Tables I and II) , our empirical data cannot be used to directly test our hypothesis that these adaptations provide an advantage in terms of additional transpiration and photosynthesis. Therefore, we used the semiempirical leaf hydraulic model of Brodribb et al. (2007) and to determine how changes in hydraulic architecture influence leaf gas exchange. We quantified the potential gasexchange advantage of reducing d x :d y below unity in terms of the modeled difference in Rubisco-limited photosynthesis between the observed leaf morphology and a leaf morphology with d x :d y = 1 as the percentage difference, termed dA, for all species-site combinations. This model approach is explained in detail in "Materials and Methods." A sensitivity and uncertainty analysis of the model is provided in Supplemental Figures S7 and S8. Our model results show that the observed reduction in d x :d y below unity reduces l H2O and thereby increases the modeled k leaf (Fig. 5 ). This effect is most pronounced in thick leaves, which suffer most from reduced k leaf when the theoretical optimal hydraulic architecture d x :d y % 1 is maintained. Our modeling results show that the reductions in d x :d y below unity provide a small but significant photosynthetic advantage dA of 8.1% 6 3.4% across all our species-site combinations (Fig. 5) . The group of amphistomatous species shows a larger average photosynthetic advantage of reducing d x :d y below unity than the group of hypostomatous species, with dA = 8.9% 6 2.5% for the amphistomatous species and dA = 1.2% 6 1.6% for the hypostomatous species.
DISCUSSION
Our results reveal that, in eucalypts, high vein densities occur in thick and amphistomatous leaves, especially in species growing in the most arid localities. The consequence of this leaf morphology is that the observed range in the ratio between the intervein distance d x and the vein-epidermal distance d y extends to well below the proposed theoretical optimal ratio d x :d y % 1 (Noblin et al., 2008) . Eucalypts thus form an exception to the strong 1:1 relationship reported for other derived angiosperm species (Zwieniecki and Boyce, 2014) .
Theoretical optimal vein placement requires close coordination between leaf vein density, the position of veins in the leaf, and leaf thickness that inadvertently requires leaves with highest k leaf to be relatively thin. However, arid environments select for thicker leaves owing to their longer life span (Wright and Westoby, 2002) , larger thermal and hydraulic capacitance (Schymanski et al., 2013) , and limited palatability (Chabot and Hicks, 1982; Choong et al., 1992) . The result of selection for thicker leaves is a larger vein-epidermal distance d y and, all else being equal, a decrease in k leaf and photosynthesis. Crucial is that a decrease in k leaf limits maximum rates of photosynthesis because it pertains directly to leaf water status and the control of g s . As water may be available during short intervals in arid environments, there may be strong selection pressure for a higher k leaf (Grubb, 1998; Scoffoni et al., 2011) . However, owing to the selection pressure for thicker leaves in arid environments, the remaining option to increase k leaf is to increase vein density and, subsequently, reduce the ratio d x :d y . The coincidence of thick leaves and high vein densities in our study, therefore, does not point to a mechanistic coordination of these traits, as discussed between Blonder and Enquist (2014) and Sack et al. (2014) , but rather to parallel selection driven by common selection pressures associated with aridity.
The VLA observed in our sample of eucalypts ranges from 6 mm mm 22 in relatively mesic sites up to 24 mm mm 22 in the most arid localities. Our measurements of VLA are slightly overestimated, as our analyses were performed on rehydrated leaves, which revealed an average shrinkage of 2.2% 6 2.7% compared with fresh leaves (Supplemental Fig. S4 ). This effect is of similar magnitude to the shrinkage reported in rehydrated leaves by Blonder et al. (2012) . Our observation that VLA in eucalypts increases with increasing aridity is in line with the global compilation of vein density data by Sack and Scoffoni (2013) , who show a strong correlation between VLA and aridity across biomes. Their review includes only two eucalypt species (Eucalyptus hemastoma and Eucalyptus globulus with VLA of 4.1 and 7.4 mm mm 22 , respectively), which are from relatively mesic habitats and have vein densities comparable to our mesic species-site combinations. The upper end of the vein density range of our eucalypt sample overlaps the highest vein densities of evergreen shrubs and trees reported by Sack and Scoffoni (2013) . Boyce et al. (2009) observed that these high vein densities (greater than 20 mm mm 2 2 ) occur only in the rosid clade, which Eucalyptus and Corymbia belong to. Hence, this phylogenetic background may have allowed eucalypts to develop the specific leaf morphology that combines relatively thick leaves with high vein densities.
Mitigating the effect of leaf thickness on k leaf by adjusting VLA and subsequent d x :d y may be critical for species in arid environments that must maximize carbon gain during short pulses of high soil moisture content (Sack and Scoffoni, 2013) . This growth strategy likely became relevant during the evolution of eucalypts, because major differentiation of the Eucalyptus and Corymbia clades took place during a transition to greater aridity (Ladiges et al., 2003) . This climatic shift provided ecological opportunities, but the ensuing adaptive radiation of species formerly suited to rainforests, the precursors of modern eucalypts, would have occurred in an environment increasingly characterized by long dry periods punctuated by brief wet episodes (Martin, 2006) . These novel environments ultimately would have encouraged the convergence of traits enabling a long leaf life span and high thermal capacitance with traits supporting higher rates of leaf water transport and photosynthesis (Givnish et al., 2005) . Leaves would necessarily become thicker, but at the same time selection for maximum photosynthetic yield would lead to the evolution of higher vein densities. Zwieniecki and Boyce (2014) suggest that such an overinvestment in veins may result in a decrease in photosynthetic capacity due to a loss of internal space that could be allocated to chlorophyll-bearing cells. However, in thick amphistomatous leaves of (semi)arid biomes, photosynthetic capacity may not be limited by space constraints but, rather, by the ability of the hydraulic network to sustain liquid and vapor water transport.
Although the influence of adjusting intervein distance d x on k leaf is less than the effect of adjusting veinepidermal distance d y (Noblin et al., 2008) , our modeling results indicate that the eucalypts studied here may still gain a small but significant photosynthetic benefit of reducing d x :d y below unity. Our model is based on the empirical relationship between k leaf and l H2O found by Brodribb et al. (2007) . This relationship highlights that the water transport pathway outside the xylem is the major constraint to k leaf (Sack and Scoffoni, 2013; Buckley et al., 2015) . According to our model, the photosynthetic advantage increases with decreasing d x : d y further below unity. Hence, the combined adaptation of increasing leaf thickness and increasing VLA could have provided an evolutionary advantage in terms of additional productivity during (short) periods with sufficient water. As our measurements of d x :d y may be overestimated owing to the use of dried and rehydrated laves, the modeled advantage could be slightly underestimated. Still, our interpretation of the modeling results appears at odds with the conclusion of Zwieniecki and Boyce (2014) and the results from artificial leaves of Noblin et al. (2008) , who suggest that additional leaf veins do not contribute to additional leaf gas exchange in the theoretical extreme situation with d x :d y ( 1. However, the modeling results of Noblin et al. (2008) also suggest that d x :d y can extend to below unity before the response of increasing transpiration rate with increasing vein density fully saturates, and this is especially so when the vein-epidermal distance is relatively large and vein diameters are small. This interpretation of Noblin et al. (2008) is consistent with our observations on eucalypt leaf morphology, which shows that the lowest d x :d y ratios occur in the thickest leaves with the highest vein densities. Therefore, we argue for a more nuanced interpretation of the ratio d x :d y by considering the specific growth environments and leaf morphologies, in (Drake et al., 2011; Poot and Veneklaas, 2013) , resulting in differences in water availability, which in turn will influence stomatal opening and carbon gain over the life span of a leaf. Thus, species with thick leaves may cooccur with thin-leafed . The central mark in the box plots indicates the median, the edges of the box are the 25th and 75th percentiles, and the whiskers cover 2.7 SD. Points outside the whiskers are plotted individually. Significant deviation of the population means from zero is indicated as NS for P . 0.05, ** for P , 0.01, and *** for P , 0.001. species due to morphological specialization to specific niches in relation to leaf economic tradeoffs.
A specific additional benefit of high VLA in arid environments also may lie in the selection for longer-lived leaves (Wright and Westoby, 2002) as leaf aging will inevitably lead to some loss of hydraulic continuity when the cumulative exposure to water stress increases. The vascular redundancy of leaves with high vein densities of a reticulate nature may reduce the risk of complete hydraulic failure under these circumstances (Scoffoni et al., 2011; Price and Weitz, 2014) by providing alternative parallel flow paths for water transport (Sack et al., 2008) . Thus, selection for elevated vein densities in arid biomes may occur both to mitigate the effect of leaf thickness and to reduce the risk of hydraulic failure due to water stress. Although our observations are limited to the eucalypt group, we expect that similar morphological trends may be present in other (semi)arid evergreens.
Our results confirm the well-known link between leaf thickness, aridity, and amphistomaty (Mott et al., 1982) , as thicker amphistomatous leaves were found more commonly in eucalypts growing in the most arid environments. Amphistomaty has different implications for the leaf internal conductance of water (liquid or vapor) than for the leaf internal conductance of CO 2 . Our results indicate that amphistomaty does not reduce the path length from vein to stomata, as both hypostomatous and amphistomatous leaves have their veins at approximately mid depth. However, amphistomaty does reduce the average path length for CO 2 diffusion to the mesophyll in thick leaves. Although other factors, including mesophyll cell surface area, cell wall thickness, and chloroplast distribution also are strong determinants of mesophyll conductance to CO 2 (Flexas et al., 2013) , it would seem that amphistomaty tends to favor water use efficiency due to a larger positive effect on CO 2 conductance than hydraulic conductance. Hypostomatous leaves are more common at mesic locations in our study, where leaves also are thinner. The shorter pathways for water and CO 2 transport in thin leaves of mesic environments may favor the presence of stomata solely on the abaxial surface (de Boer et al., 2012) . The close relationship between aridity and stomatal distribution challenges our ability to disentangle the effect of leaf type versus the specific adaption of leaf morphology to aridity as an underlying cause for the negative relationship between d x and d y . Although we infer that aridity shapes this relationship in eucalypts, combinations of all sites and all species (n = 159), hypostomatous (HS) species-site combinations only (n = 17), and amphistomatous (AS) species-site combinations only (n = 142). The central mark in the box plots indicates the median, the edges of the box are the 25th and 75th percentiles, and the whiskers cover 2.7 SD. Points outside the whiskers are plotted individually. The significance of the difference between the population means and zero, and between the hypostomatous and amphistomatous population means, are indicated as ** for P , 0.01 and *** for P , 0.001. further work focusing on thick hypostomatous leaves of arid environments would offer additional insight.
The observed adaptations in leaf morphology described here create a more complete picture of eucalypt adaptations to their environments. Of particular interest is the fact that the high-LMA amphistomatous leaves of (semi)arid habitats tend to have nearly vertical angles. High leaf mass may contribute to that trait, but the nearly vertical leaf angle in eucalypts is generally interpreted as enabling greater carbon capture when the sun is at low angles and temperature and vapor pressure deficit are lower (King, 1997) . At such steep leaf angles, the amphistomatous and isobilateral form (Gillison, 1981) presumably enables light entry into the leaf from either or both sides. In contrast, in mesic environments, vegetation tends to have higher leaf area indices, and most light enters leaves from above (i.e. from the adaxial surface of the hypostomatous leaves that are common in such environments). Thinner and less dense leaves (with lower LMA) tend to have a higher photosynthetic light use efficiency than thicker and denser leaves (Reich et al., 1992; Niinemets, 2001) . In arid habitats, where light is not limiting (Bloom et al., 1985) , the selection pressure for high light use efficiency is presumably weak. Hence, the relatively thick eucalypt leaves of (semi)arid habitats may confer little, if any, negative consequences for photosynthesis, due to relaxation of the morphological constraints on leaf venation.
CONCLUSION
We conclude that arid environments select for thicker amphistomatous leaves in eucalypts. Thick leaves challenge the underlying selective pressure to distribute water efficiently to the sites of evaporation because their morphology increases the distance for vein-to-stomata transport. To some extent, eucalypts have overcome this problem by developing leaves with a high vein density, thereby reducing the intervein distance. In this way, deviation from the theoretical optimal vein placement can be considered a response to the selective advantage of producing thick leaves in arid environments.
MATERIALS AND METHODS

Plant Material
In 2003 and 2004, leaves of Eucalyptus spp. and closely related Corymbia spp. were sampled from 971 trees of 68 distinct species across a transect that spanned 73 locations along an aridity gradient from the wet coastal region of southwestern Australia to the arid Australian interior near Kata Tjuta (Schulze et al., 2006) . From this collection, we selected three to five leaves per tree from a total of 440 trees, representing all species and all locations of the original data set for analyses of leaf morphological traits along the aridity gradient ( Fig. 1 ; Supplemental Table S1 ). From this subsample, we selected three leaves from 107 trees (27 species, 30 locations) for measurements of stomatal traits. Our analyses were performed at the species-by-site level. This approach allows for genetic and phenotypic differences to influence the observed relationships with aridity. We deviate from this approach when analyzing the relationship between d x and d y , where we aggregate our data to the species level to match the data of Zwieniecki and Boyce (2014) . To compare the sensitivity of these different averaging approaches, we analyzed two critical results: the relationship d x and d y and the relationship between the d x :d y ratio and AI for our eucalypt sample at both levels of averaging (Supplemental Table S3 ).
Climate Variables
Climate variables for each location were obtained from the Atlas of Living Australia, a repository for large environmental and ecological data sets (http:// www.ala.org.au; accessed December 15, 2015). We selected the climatological variables that were representative of gridded data at a resolution of approximately 1 km. We integrate water supply and demand for each location as annual AI, the average of monthly ratios of precipitation to potential evaporation (pan, free-water surface). This is an adaptation of the index proposed by the United Nations Environmental Program and cited by Middleton and Thomas (1997) . Additional climate variables obtained from this repository were mean annual daytime vapor pressure deficit, mean annual daytime temperature, and mean annual rainfall. We are aware that these climate variables, while representative of long-term trends, may not reflect the exact conditions under which individual leaves developed. However, as the emphasis of our study is to demonstrate and interpret leaf morphological changes along an aridity gradient rather than to study the relationships between climate variables and water relations of individual leaves, we argue that the climate data provide sufficient detail for our analyses.
Leaf Morphological Traits
Fresh leaf area, leaf dry weight, and LMA (g cm 22 ) were determined for three to five leaves from each of the 440 trees sampled in this study. To determine T L (mm), we randomly selected one leaf per tree (n = 270 trees of the 68 species) and cut out a 1-cm 2 fragment at approximately the mid point of the leaf long axis.
Since the leaves had been oven dried, these subsamples were first immersed in dilute detergent for 1 h to soften the highly sclerophyllous tissue. Cross sections were then taken from each subsample using a microtome set to a thickness of 15 mm. The cross sections were stained in 5% Toluidine Blue for 10 s, rinsed in deionized water, and then mounted on clear microscope slides using Kaiser's jelly: 1:5:4:1 gelatin:glycerol:water:antibacterial solution (Listerine). We measured T L at 1003 magnification using a compound light microscope (BX51; Olympus), with n = 3 measurements for each cross section. The presence of stomata on either the abaxial surface (hypostomatous) or both the abaxial and adaxial surfaces (amphistomatous) was determined during these microscopic analyses for all the species considered. The error in T L resulting from the use of dried and rehydrated leaves was quantified on a set of fresh eucalypt leaves, which revealed an 8.9% 6 4.2% residual reduction in T L (Supplemental Fig. S4 ). The vein-epidermis distance (d y [mm]) was derived from leaf thickness as T L /2. This simplification was justified by regression analyses of the relationship between d y and T L /2 from cross sections of a random selection of 43 species (r 2 = 1, P , 0.001, n = 111 leaves; Supplemental Data S1; Supplemental Fig. S1 ; Supplemental Table S2 ). For this sample, d y was measured with respect to the abaxial (lower) epidermis.
Leaf Venation Traits
The leaf vein density was expressed as VLA (mm mm 22 ) and measured by sampling 1-to 2-cm 2 sections from three leaves per tree from each of the 440 trees at approximately the mid point of the long axis while avoiding the mid rib. The sample was placed in a 5% sodium hydroxide solution until the cuticle had dissolved to reveal the vein network (2-3 weeks; Sommerville et al., 2012) . The samples were then rinsed in deionized water, stained in a solution of safranin in 5% ethanol for 1 h, and then rinsed in deionized water. Three images of each leaf were then obtained using a dissecting microscope (model SMZ800; Nikon Instrument) at 403 magnification, and the vein network was traced by hand using Paint (Microsoft). In light of the high VLA values of our collection, we confirmed that the minor veins of cleared leaves were conductive by drawing dye through fresh leaves via transpiration and observing the vein network from paradermal images (Supplemental Fig.  S6, A and B) . A leaf cross section also is presented to confirm the positions of these numerous small veins as well as the presence of several small chlorenchyma cells in the mesophyll tissue of the intervein space (Supplemental Fig.  S6C ). Also, we quantified the amount of leaf shrinkage from drying and the subsequent expansion after rehydration on a set of fresh eucalypt leaves, which revealed a 2.2% 6 2.7% residual reduction in leaf area (Supplemental Fig. S4 ).
The traced vein network of each image was analyzed further in Matlab (version R2015b). The average VLA of each traced image was obtained following Blonder et al. (2011) . First, each set of traces was smoothed and reduced to the width of a single pixel using the skeletonizing algorithm of the function bwmorph. Total vein length was calculated from the skeletonized vein network using the function bwarea. The VLA was calculated as the quotient of total vein length and total image area.
The intervein distance (d x [mm]) was obtained from the skeletonized vein network images by automatically drawing 10,000 random cross sections across each traced image. For each cross section, we mapped the points where the cross section intersected with a traced vein and subsequently calculated the average distance between the veins in each cross section. This automated method resembles the manual cross-section approaches of Blonder and Enquist (2014) and Zwieniecki and Boyce (2014) . The grand mean distance between veins in all randomly drawn cross sections was then calculated per image to obtain an average d x for each sampled leaf.
Stomatal Morphological Traits
Three leaves were selected for each of the 27 species chosen for the determination of stomatal traits. For each leaf, a 1-cm 2 section was sampled and placed into a 2-mL Eppendorf tube. Each tube received a 1:1 solution of 80% ethanol and 30% hydrogen peroxide. The tubes were left unsealed and placed into a water bath set at 60°C until the cuticles and epidermis began to detach from the underlying mesophyll and vascular tissues (after approximately 48 h). The samples were then removed from the tubes and rinsed under tap water. The cuticle and epidermis of both the abaxial and adaxial surfaces were then carefully detached from the remaining tissue with fine forceps, stained in 5% safranin for 30 s, and then rinsed in deionized water. The peels were then transferred to microscope slides and mounted using Kaiser's jelly. D S (mm 22 ;
i.e. number of stomata per unit epidermal area) was calculated for each stomata-bearing leaf surface as the mean of five fields of view at 4003 magnification using a compound light microscope (BX51; Olympus). Stomatal morphological parameters were measured as the mean of 20 stomatal complexes (guard cell pairs) for each stomata-bearing surface at 1,0003 magnification using the same light microscope. Stomatal morphological parameters were L gc (mm), guard cell width (W gc [mm] ), and L p (mm; Franks et al., 2009 ). The g smax (mol m 22 s 21 ) of the stomata-bearing leaf surface was estimated according to Franks and Farquhar (2001) and Franks et al. (2009) :
where d is the diffusivity of water in air (m 2 s 21 ), a9 is the mean maximum stomatal pore area (m 22 ), which was estimated as L p 2 3 p/4, V is the molar volume of air (m 3 mol 21 ), and Ɩ is the depth of the stomatal pore (m), which was assumed to be equal to W gc . For hypostomatous leaves, the estimate of g smax is based on the stomatal morphology of a single leaf side, whereas g smax for amphistomatous leaves is the sum of both leaf surfaces based on the assumption that gas exchange from the abaxial and adaxial surfaces occurs in parallel.
Leaf Nitrogen and Leaf Carbon Isotopic Composition Schulze et al. (2006) collected a subsample of oven-dried leaves from each of the 440 trees. The leaves were finely ground, and part of this material was used to determine total leaf nitrogen (% by mass) using a nitrogen analyzer (Vario EL II; Elementar). Leaf nitrogen as a percentage of mass (N mass ) was converted to an area basis as N area (g cm 22 ) = N mass (%) 3 LMA 3 100. The leaf carbon isotope ratio (d 13 C leaf ) of the remaining ground material was determined following combustion using an isotope ratio mass spectrometer (Finnigan Delta + XL) in an online continuous flow system. d 13 C leaf was converted to D leaf according to Farquhar et al. (1989) , taking atmospheric d 13 C as 8.1‰, the average value recorded at the Cape Grim Air Pollution Station, Tasmania, in the 6 months prior to each sample collection campaign.
Deriving Photosynthetic Rate from Carbon Isotopic Composition
We estimated the maximum carboxylation capacity at 25°C (V cmax25 [mmol m 22 s
21
]) according to an empirical model that was derived from a metaanalysis of V cmax , N area , and LMA determined for 27 eucalypt species reported in 10 studies (Supplemental Table S4 ): V cmax25 ¼ 10 1:7 2 0:5 3 logNarea 2 0:1 3 logLMA 2 0:4 3 logNarea 3 logLMA ð2Þ V cmax25 was then converted to the actual velocity of Rubisco for carboxylation at ambient temperature (V cmax [mmol m 22 s 21 ]) according to Bernacchi et al. (2001) and the average daytime temperature of each site. A time-integrated measure of leaf intercellular (and mesophyll) CO 2 mole fraction ( c i [mmol mol 21 ]) was then estimated according to Farquhar et al. (1982) :
where the atmospheric CO 2 mole fraction (c a ) was taken as 380 mmol mol 21 , reflecting the atmospheric partial pressure of CO 2 in 2003 (Keeling and Whorf, 2004) . We assumed that photosynthesis was limited predominantly by carboxylation; therefore, the modeling constraints of Farquhar et al. (1982) and Sharkey et al. (2007) could be applied to yield an expression for time-integrated photosynthetic rate (
Here, the mitochondrial respiration rate (R d ) was taken as 0.01 V cmax , G* is the CO 2 compensation point in the absence of R d , K C and K O are the Michaelis constants of Rubisco for carbon dioxide and oxygen, respectively, and O is the atmospheric partial pressure of oxygen. For values of these parameters and their temperature dependencies, we followed Bernacchi et al. (2001) . We note that since c i represents the mole fraction of CO 2 within both intercellular spaces and the mesophyll, the expression for A incorporates the drawdown in CO 2 at the sites of assimilation.
Statistical Analyses
Multiple relationships between traits were determined by PCA using OriginPro 2015. PCAs were conducted on both the larger data set comprising leaf morphological and hydraulic traits and the subset of data that included stomatal morphological traits. Data were log transformed to meet the assumption of normality, and z scores were calculated.
SMA regression analyses using R (version 3.0.2) and the SMATR package (Warton et al., 2006) were used to describe specific relationships between VLA, T L , and d x :d y and the AI, based on the Atlas of Living Australia. Pairwise interactions between traits in the leaf morphological and stomatal morphological data sets were similarly quantified with SMA regression analyses. Data were log transformed prior to these analyses. These analyses were performed at the species-by-site level. We corrected for the potential effect of sampling bias due to relatedness between species in the relationships between VLA, T L , and d x :d y and the AI by resampling the data at the taxonomic level of series (a subdivision of genus) using the taxonomic classification of Nicolle (2015) . Our data set contains species from 11 distinct taxonomic series in this classification. Hence, each subsample contains 11 data points, with each data point being one speciessite average and each species belonging to one of the 11 series. We used a bootstrap resampling strategy with replacement to obtain distributions of the taxonomically unbiased correlation r 2 and P value as well as the SMA from 10,000 random subsamples. Linear regression models were developed to analyze the relationships between d y and d x , and to quantify the contribution of aridity, by including and excluding the site-and species-specific AI and the contribution of leaf morphology in terms of hypostomaty/amphistomaty in the models for the eucalypt sample. Linear regression models also were developed to analyze the relationship between the ratio d x :d y and the site-and species-specific AI. The traits d x , d y , and d x :d y as well as the AI were log 10 transformed for the regression model analyses. The Matlab function fitlm was used to obtain the best least-squares fit of a model to the data.
We further tested our hypothesis on the coordination of aridity-induced changes in leaf morphological, hydraulic, and photosynthetic traits by analyzing the relative differences in several key traits between species that cooccur in the same site. Here, we first quantified the difference (D) in T L , d x :d y ,
A, and VLA relative to the difference in LMA (DLMA) between all different species that cooccur at each site: DTrait X DLMA ði; j; nÞ ¼ Trait X ðspecies i ; site n Þ 2 Trait X ðspecies j ; site n Þ LMAðspecies i ; site n Þ 2 LMAðspecies j ; site n Þ ð5Þ
in which Trait X represents T L , d x :d y , A, and VLA, respectively, and the index i = 1 ... j-1 and the index j = 2 ... k, with k being the number of species that cooccur at each site, and the index n = 1 ... m, with m being the number of sites studied.
The observed differences in
A, and VLA relative to LMA were interpreted based on the sign of their average value. For example, if the average DT L /DLMA . 0, it means that species with thicker leaves have, on average and within sites, higher LMA. We tested whether the means of these relative differences deviated from zero using a two-tailed Student's t test at a 5% significance level, including a Bonferroni correction considering four comparisons. We excluded comparisons of species with a difference in the denominator LMA of less than 2 mg cm 22 , which is equal to 5% of the total observed range in LMA.
Modeling Leaf Hydraulics and Photosynthesis
The potential advantage of reducing d x :d y below unity in terms of additional leaf gas exchange was quantified with a semiempirical model that relates l H2O to k leaf and subsequent transpiration and photosynthesis following Brodribb et al. (2007) and . Brodribb et al. (2007) provide an empirical expression for k leaf that, given that atmospheric humidity and temperature are known, can be related to a transpiration flux and subsequent photosynthesis following . Principally, the model from Brodribb et al. (2007) 
in which
where t is the curvature (or tortuosity) of the flow path through the leaf interior and assumed p/2, following , and dm x is the intervein distances as defined by . We note that dm x differs from the intervein distance d x in our study. Brodribb et al. (2007) defined dm x as the farthest equidistant point from surrounding veins. To apply our measurements of d x to the model from Brodribb et al. (2007) , we use the conversion dm x = 0.56 3 d x . This conversion was based on the difference in the relationships between dm x and VLA as reported by Brodribb et al. (2007) and between d x and VLA as obtained from our traced vein networks (Supplemental Fig. S2 ). use the expression for k leaf to model the steadystate transpiration rate by assuming that the flow of (liquid) water into the leaf (E l ) equals the (gaseous) transpiration flux (E g ):
where Δc leaf (MPa) is the water potential gradient across the leaf, g sw (mol m 22 s 21 ) is the stomatal conductance to water vapor, and w i 2 w a (2) is the atmospheric humidity gradient between the leaf interior and the leaf exterior. approximated Δc leaf as constant (0.4 MPa) and based w i 2 w a on the typical growth conditions of their species. With these assumptions, Equations 8 and 9 can be equated and rearranged to yield an expression for g sw as a function of d x and d y .
For our analyses, we modified the geometrical relationships in the model framework from and expressed k leaf in terms of the traits d x :d y and T L . Here, we invoked the assumption that d y = T L /2 (for empirical support, see Supplemental Data S1; Supplemental Fig. S1 ; Supplemental Table S2) 
The expression above is subsequently used in an inverse approach to quantify the effect of changing d x :d y on photosynthesis as explained in the following. We rearranged the Fick's law expression for stomatal diffusion of CO 2 to estimate the time-integrated stomatal conductance to CO 2 (g sc ):
g sc ¼ A$ðc a 2 c i Þ ð 12Þ
Our measurements of d 13 C leaf together with our approximation of V cmax25 provide information on c i and A (Eqs. 3 and 4), which allow us to calculate g sc for all our species-site combinations individually.
The time-integrated transpiration ( E) of each species-site combination was subsequently calculated as:
E ¼ 1:6$g sc $ðw i 2 w a Þ ð 13Þ
For w i , we assumed saturation at the annual average temperature for each site, and for w a , we used the annual average humidity for each site, based on the climate data from the Atlas of Living Australia. With E and k leaf known, we subsequently approximated the time-integrated hydraulic pressure gradient across the leaf (DC leaf ) for each species-site combination as:
We then calculated the leaf hydraulic conductance of the theoretical optimal hydraulic architecture (k leaf_opt ) with d x :d y = 1, in combination with the observed T L , using Equation 11. The transpiration of this theoretical optimal hydraulic architecture (E opt ) was then calculated assuming that DC leaf remains unchanged from the value obtained using Equation 14:
The stomatal conductance to water vapor associated with this theoretical optimal leaf morphology (g sw_opt ) was calculated as:
The Rubisco-limited photosynthesis associated with the theoretical optimal leaf morphology (A opt ) is modeled from Fick's law assuming that g sc_opt = g sw_opt / 1.6:
In Equation 17, the leaf interior CO 2 concentration c i_opt is unknown, but a second expression for steady-state photosynthesis as a function of c i is obtained from the biochemical model of Farquhar et al. (1980) for Rubisco-limited photosynthesis while accounting for photorespiration (von Caemmerer, 2000) and mitochondrial respiration in light, as described in Equation 4. The two expressions for steady-state photosynthetic rate A opt were iteratively solved for c i = c i_opt with a prescribed c a of 380 mmol CO 2 mol 21 air, reflecting the atmospheric partial pressure of CO 2 in 2003 (Keeling and Whorf, 2004) , using Matlab (version R2015b). The above approach allows us to quantify the relative benefit of reducing d x :d y below unity on Rubisco-limited photosynthesis (dA [%]) for each species-site combination as:
We tested whether the average dA of our species-site combinations deviated from zero using a one-tailed Student's t test at a 5% significance level.
A sensitivity and uncertainty analysis of this model is provided in Supplemental Data S1 by exploring the effect of variability and uncertainty in model input parameters (Supplemental Table S5 ), on modeled photosynthesis (Supplemental Fig. S7 ), and dA (Supplemental Fig. S8 ).
Supplemental Data
The following supplemental materials are available.
Supplemental Figure S1 . Relationship between vein depth and leaf thickness.
Supplemental Figure S2 . Relationship between vein length per unit area and the intervein distance.
Supplemental Figure S3 . Intervein distance to vein-epidermal distance ratio and site-specific AI of hypostomatous versus amphistomatous species.
Supplemental Figure S4 . Effect of artificial aging on eucalypt leaf area and thickness.
Supplemental Figure S5 . Statistics with correction for the classification based on Nicolle (2015) .
Supplemental Figure S6 . Paradermal image and cross section of a eucalypt leaf.
Supplemental Figure S7 . Model sensitivity analysis.
Supplemental Figure S8 . Model uncertainty analysis.
Supplemental Figure S9 . Paradermal view of cleared and stained eucalypt leaves: Corymbia aparrerinja.
Supplemental Figure S10 . Paradermal view of cleared and stained eucalypt leaves: Eucalyptus gongylocarpa.
Supplemental Figure S11 . Paradermal view of cleared and stained eucalypt leaves: Eucalyptus intertexta.
Supplemental Figure S12 . Paradermal view of cleared and stained eucalypt leaves: Eucalyptus jacksonii.
Supplemental Figure S13 . Paradermal view of cleared and stained eucalypt leaves: Eucalyptus marginata.
Supplemental Figure S14 . Paradermal view of cleared and stained eucalypt leaves: Eucalyptus salmonophloia.
Supplemental Figure S15 . Paradermal view of cleared and stained eucalypt leaves: Eucalyptus salmonophloia.
Supplemental Figure S16 . Paradermal view of cleared and stained eucalypt leaves: Eucalyptus wandoo.
Supplemental Table S1 . Overview of the species, location, stomatal distribution, and climate variables.
Supplemental Table S2 . SMA regression statistics for Supplemental Figure  S1 .
Supplemental Table S3 . Regression models for the relationship between d y and d x .
Supplemental Table S4 . Data used to model V cmax from N area and LMA.
Supplemental Table S5 . Parameter ranges used in the model sensitivity and uncertainty analyses.
Supplemental Data S1. Species-by-site trait data.
